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Optical conductivity as a probe of a hidden Fermi-liquid
behavior in BaFe1.904Ni0.096As2
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We measured the infrared reflectivity of BaFe1.904Ni0.096As2 single crystal from room temperature down to 20 K.
Two Drude terms and a Lorentz term well describe the real part of the optical conductivity σ1(ω). We fit the reciprocal of
static optical conductivity 1/σ1(0) by the power law ρ(T )=ρ0+AT n with n=1.6. The “broad” Drude component exhibits
an incoherent background with a T -independent scattering rate 1/τb, while the other “narrow” one reveals a T -quadratic
scattering rate 1/τn, indicating a hidden Fermi-liquid behavior in BaFe1.904Ni0.096As2 compound.
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1. Introduction
In 2008 the discovery of superconductivity (SC) with Tc

up to 55 K in iron pnictides[1–3] raised intense interest in
their electronic properties. A similar phase diagram[4] with
cuprates evolves more speculation of the links between these
two categories of superconductors. However, it becomes ap-
parent that iron pnictides are more complicated in the elec-
tronic properties than cuprates, where a single Cu–O hy-
bridized band predominates at the Fermi surface, and different
methods and band structures all lead to d-wave pairing.[5] Fur-
thermore, cuprates are doped-Mott insulators with properties
related to the effects of strong correlations in the narrow Cu
3d band, while iron pnictides are metallic systems with a spin
density wave state at low doping.[6] Three hole bands and two
electron bands traverse the Fermi level obtained by electronic
structure calculations[7–9] and this is confirmed by angular re-
solved photoemission spectroscopy (ARPES).[10,11] A previ-
ous study has revealed two electronic subsystems coexisting
in iron pnictides,[12] which is consistent with its multiple band
character.

The Fermi-liquid description is one of the most success-
ful theories in condensed-matter physics. It is proposed to de-
scribe the properties of Fermi systems at low temperature onto
a dilute gas of strongly interacting fermionic excitations.[13]

Deviations from Fermi-liquid behavior are widely discussed
in iron pnictides. Non-Fermi-liquid (NFL) behaviors are pos-
sibly linked to the antiferromagnetic quantum critical point
(QCP) and strong spin fluctuations, which may induce the

pairing of electrons in high-Tc superconductors,[14–16] but sys-
tematic analyses of transport properties do not exhibit such a
feature over the phase diagram.

Infrared (IR) spectroscopy is a powerful tool to study the
charge carrier dynamics in strongly correlated systems.[17,18]

High energy resolution, bulk sensitivity, and the existed sum
rules make it equipped to get valuable information about the
energy scale of electronic interactions and SC, charge density
wave (CDW), and spin density wave (SDW).[19] In this paper,
we study the normal state properties of BaFe1.904Ni0.096As2

single crystal through infrared reflectivity. We find that
there exists two electronic subsystems in this superconductor,
which exhibits different characters with decreasing tempera-
ture. These observations suggest a multiple band character
and a hidden Fermi-liquid behavior in BaFe1.904Ni0.096As2.

2. Experiments
High quality BaFe1.904Ni0.096As2 single crystals were

grown by using the FeAs flux method. The resistivity of
the crystal exhibits a sharp superconducting transition at Tc =

20.0 K. The near normal incidence reflectivity from 40 cm−1

to 7000 cm−1 of freshly cleaved sample was measured by us-
ing infrared Fourier transform spectrometers (Bruker Vertex
80v) at 12 different temperatures, ranging from 275 K down
to 20 K. The in situ gold overfilling technique[20] was used
to obtain the absolute reflectivity of the sample. In order to
get the optical conductivity of the sample via the Kramers–
Kronig relations, we extend the data to near infrared range,
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visible range, and UV range by using the reflectivity of opti-
mally doped BaFe1.84Co0.16As2 compound at room tempera-
ture measured by using infrared Fourier transform spectrome-
ters (Bruker IFS66v) and AvaSpec-2048×14 model fiber optic
spectrometer.

3. Results and discussion
Figure 1 shows the optical reflectivity of

BaFe1.904Ni0.096As2 single crystal at selected temperatures
in the infrared frequency range. In the normal state, the ma-
terial exhibits a metallic response, which is characterized by
a very high reflectivity at low frequencies and a tendency to
approach unity at zero frequency. This exhibits clearly that
the reflectivity R(ω) increases continuously at low frequency
as the temperature cools, indicating a better metallicity at low
temperatures. We cannot see any clear-cut plasma edge, as
in parent compound of 122 iron pnictides.[21] A tiny phonon
peak can be seen at about 250 cm−1, which is widely dis-
cussed in the lattice dynamics of 122 iron pnictides.[22,23] The
inset of Fig. 1 shows the reflectivity of the whole frequency
range, which we measured at 275 K.
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Fig. 1. (color online) Infrared reflectivity of BaFe1.904Ni0.096As2 at se-
lected temperatures. The inset shows the reflectivity of the whole fre-
quency range measured from 45 cm−1 to 4×104 cm−1 at 275 K.

The real part of optical conductivity is derived from the
reflectivity via the Kramers–Kronig analysis and is shown
in Fig. 2 (thick solid lines). A Hagen–Rubens form (R =

1−A
√

ω) is used for the low-frequency extrapolation. At high
frequencies, R(ω) is assumed to be constant up to 40 eV, above
which a free-electron response (ω−4) is used. All of the spec-
tra exhibits a well-known Drude-like metallic response.

In order to quantitatively analyze the optical conductivity,
we fit σ1(ω) to the Drude–Lorentz model,

σ1(ω) =
2π
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where Z0 is the vacuum impedance. The first term in
Eq. (1) describes a sum of the free-carrier Drude response,
each of which is characterized by a plasma frequency Ω 2

p =

4πne2/m∗, where n is carrier concentration, m∗ is effective
mass, and 1/τ is scattering rate. The second term corresponds
to a sum of the Lorentz oscillators, characterized by a res-
onance frequency (ωk), a line width (γk), and an oscillator
strength (Ωk).
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Fig. 2. (color online) Thick solid lines are ab plane σ1(ω) of
BaFe1.904Ni0.096As2 at selected temperatures. The smooth thin lines
through the data are fits with Drude–Lorentz model.

As shown in Fig. 3, σ1(ω) at 275 K is well described by
two Drude terms and a Lorentz term up to 8×103 cm−1. The
same fit at other temperatures is shown in Fig. 2 (thin smooth
lines).
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Fig. 3. (color online) The green solid curve is the measured σ1(ω) of
BaFe1.904Ni0.096As2. The red dashed–dotted line through the data is
the fit which is decomposed into a broad Drude term (cyan short dashed
line), a narrow Drude term (magenta dotted line), and a Lorentz term
(orange short dashed–dotted line).

Instead of using Matthiessen’s rule, where different con-
tributions of scattering are treated additively, we add up their
contributions to the conductivity.[22] We extract the total re-
sistivity ρtotal = 1/(σn(0) + σb(0)), where σn(0) and σb(0)
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are the value of narrow and broad Drude terms at zero fre-
quency respectively, as equivalence of the dc resistivity. Fig-
ure 4 shows the ρtotal as a function of temperature, which is
fitted by the power law

ρ(T ) = ρ0 +AT n (2)

with n = 1.6 which is inconsistent with the result of the trans-
port measurements. A quadratic temperature dependence of
dc resistivity is expected as a Fermi-liquid behavior where
electron–electron scattering plays a key role in the correlated
electron systems at low temperatures.[24,25]
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Fig. 4. (color online) The black hollow diamond scatter is the plot of
ρtotal(T ). The red smooth line through the data is the fit by power law
with n = 1.6.

In order to study the electronic properties in two
subsystems,[12] respectively, we decomposed the optical con-
ductivity in low frequency into two different contributions as
our previous fitting (broad Drude and narrow Drude). Firstly,
we extract the plasma frequency (Ωpb and Ωpn), and plot them
as a function of temperature (shown in Fig. 5(a)). This shows
that upon cooling, Ωp is roughly a constant for both two com-
ponents, indicating that band structure does not change much
as the temperature cools down, which is consistent with the
previous work.[12] Figure 5(b) shows the plot of scattering rate
1/τ , exhibiting a roughly constant 1/τb, which suggests an
incoherent background with T independence of broad Drude
component, and quadratic-like 1/τn, which is responsible for
a hidden Fermi-liquid state.

To analyze the narrow Drude component accurately, ρn =

1/σn(0) and 1/τ are extracted, as shown in Fig. 6. This re-
veals that both ρn and 1/τn exhibit a T -quadratic relationship,
indicating a Fermi-liquid behavior in the narrow Drude com-
ponent.

The decomposition method of two Drude terms and a
Lorentz term is widely used in optical spectra analysis of 122
iron pnictides,[12,26,27] because of the multiple band character,
which results in two groups of charge carriers with different
scattering rates.[28,29] In addition, two superconducting gaps
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Fig. 5. (color online) The T dependence of (a) the plasma frequency
Ωp, (b) the scattering rate 1/τ .
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Fig. 6. (color online) (a) The red diamond scatter is the plot of ρn, with
a blue straight fitting line through it. (b) The green diamond scatter is
1/τn as a function of T 2, with a black straight fitting line through it.

are fully opened in optimally doped Ba0.6K0.4Fe2As2,[30]

which are obtained by fitting the optical conductivities by
two corresponding Mattis–Bardeen terms, indicating that both
Drude components contribute to the superconductivity in 122
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iron pnictides. It is suggested that the broad Drude term
is no longer metallic but is instead incoherent and is appro-
priate to be described by a bound excitations or a series of
bound excitations,[28] because the mean free path l = vFτ (vF

is the Fermi velocity) is less than the shortest interatomic spac-
ing, disobeying the Mott–Ioffe–Regel limit.[31–33] Whereas,
a T -quadratic 1/τ in narrow Drude term is generally as-
sociated with Fermi liquid.[27] Similar temperature depen-
dence can also be found in Ruthenate superconductors,[20]

organic layered superconductors,[34] and high-temperature
superconductors.[22,31,32] However, it was recently strongly
implied that there exists a T -linear scattering rate in optimally
doped Ba0.6K0.4Fe2As2 and BaFe2As1.4P0.6,[26] indicating a
non-Fermi-liquid behavior due to the spin fluctuation, which
is drastically argued as the media of the pairing of electrons
in unconventional superconductors. In spite of this, our re-
sults manifest that non-Fermi-liquid behavior is not a univer-
sal phenomenon existing in all Ba122 systems, indicating that
superconducting state may originate from a Fermi liquid. In
a Fermi liquid, electron–electron Umklapp scattering process
dominates the scattering rate, which is associated to

h̄/τe(T ) = A(kBT )2/EF, (3)

where A is a dimensionless constant.[35] Because we
have nearly the same 1/τn and Fermi energy as in
BaFe1.9Ni0.1As2,[27] resulting in a same magnitude A ≈ 1–2
for our sample, which is consistent with the weak coupling
limit and does not indicate any quantum critical behavior.

4. Conclusion
The infrared optical conductivity of BaFe1.904Ni0.096As2

single crystal is obtained from 275 K down to 20 K. A power
law fitting of the reciprocal of zero frequency optical conduc-
tivity ρtotal with n 6= 2 indicates a non-Fermi-liquid behavior
in the charge carriers of the material. Two Drude terms and a
Lorentz term are used for the fitting of optical conductivity for
the sake of eliminating the deviation from a single Drude-like
response, which is due to the presence of charge carriers with
different scattering rate. An incoherent temperature indepen-
dent 1/τb and a T -quadratic 1/τn are extracted, which reveal a
hidden Fermi-liquid behavior in the BaFe1.904Ni0.096As2 com-
pound.
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